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Introduction

The goal of this research project is to investigate the relationship between primary breast tumor
vascular development and metastatic potential. To facilitate this research in an in vivo mouse
model, we have developed a novel dual modality system for small animal imaging. A high
sensitivity optical imaging component is used to detect bioluminescent light emitted from implanted
tumor cells that have previous been transfected with the luciferase gene. In the same instrument,
these high-sensitivity cameras can be coupled with scintillators and collimators to allow Single
Photon Emission Computed Tomography imaging. While the bioluminescent component will be
sensitive to the detection of distant metastases, the nuclear medicine aspect of the system will be
utilized in subsequent years for studying tumor angiogenesis and vasculature.

Body

Our statement of work specified that the first year would be dedicated to the development of a
fully integrated multi-head optical/BLI and micro-SPECT system. Task 1 was subdivided into 8
steps, 1-h. In summary:

a- Gantry and camera housings have been designed, built and tested .

b- Camera and support motion assemblies were built.

c- The CCDs and associated first generation optical/scintillator components were built and
tested.

d- The data acquisition system has been completed and assembled with the above components.
These have been used with a test optical imaging system based on SITe CCD chips, now
completed and in use.

e- The 5-head system was constructed, but we experienced CCD chip failure. As explained
below, this caused us to move to a new CCD assembly, with the same price but different
characteristics. This required a redesign of the electronics, still in progress.

f- Single camera tests were successful, showing high sensitivity.

g- Development of optical MLEM reconstruction software has progressed, and we have
reported our first results in tomographic imaging of light emission. Our images show that it
is possible to detect small lesions not only subcutaneously but also at depth in vivo, and we
characterizef the advantages of this method for quantitative imaging. 3D images were
obtained and reported at the ERA of HOPE symposium.

h- Phantom testing has been completed including both homogeneous, cylindrical, and
heterogeneous, mouse-shaped phantoms. We have also demonstrated micro-SPECT (Single
Photon Emission Computed Tomography) imaging at high resolution.

We report below on our progress along these points. While the completion of an integrated
optical/microSPECT imaging device was temporarily hampered by the commercial failure of the
SITe manufacturer, we selected new CCDs with equivalent or better performance. The completion
of the new electronics is now advanced. Because of the new features, we expect that the new device
will result in portable devices suitable for human applications at a later time.



High Sensitivity CCD camera (a-f)

The dual optical/SPECT imaging system uses CCD (charge-coupled device) cameras
selected for their high and nearly constant sensitivity over the full range of wavelengths commonly
used in optical imaging, from blue to near infrared. Based on our design the required parameters of
the CCD are: non-color, back-illuminated, full frame image sensor, 512x512 pixels, with large pixel
size to provide good dynamic range. Preferably the quantum efficiency of the CCD should be
greater than 85% from 400 nm to 750 nm, and should remain above 50% up to 900 nm. The
originally selected CCD SI-032AB produced by Scientific Imaging Technologies Inc., Tigard, OR
fulfilled all this requirements but it is no longer available due to the company’s bankruptcy.

Thus, a new CCD was selected, CCD77-00 (e2v technologies, inc. 4 Westchester Plaza, PO
Box 1482, Elmsford, NY10523-1482 USA). This CCD has a pixel size of 24x24 pm providing a
large well capacity of 300,000 e, with a sensitivity of 2.5 pV/e', low dark current (20 pA/cm® at 20
°C), and low readout noise (3 ¢ RMS) providing a dynamic range of ~100,000. The CCD is cooled
to -40° C reducing the dark current signal to less than 0.1 e/pixel/sec. All relevant parameters are
similar or better than those of SI-032AB, but the support electronics requires significant changes.
We are currently implementing the new driving circuits (Fig.1) which can provide the new control
sequence and voltages.

Figure 1. The implemented electronic circuitry for driving the CCD signals.

The CCD is incorporated in a self-contained, cooled camera, equipped with electronic circuitry and
fast optics (25 mm focal length, £/0.95). Each camera is calibrated using a low-intensity, diffuse, flat
field source that gives a known radiance (typically 3.0 x 107 W/cm®/st). The light source is
periodically checked for uniformity using a NIST-traceable research radiometer (model IL 1700,
International Light, Inc. Newburyport, MA). By imaging this source the digital units provided by
the camera digitizer can be converted directly into absolute physical units (W/cm%/sr or
photons/sec/cmzlsr). This method accounts for the transmission efficiency of the entire optical
system, and corrects the non-uniformity in the field of view due to lens vignetting and vanations in
pixel sensitivity.

Multiple Head Optical Imaging System



Multiple high sensitivity CCD cameras simultaneously record views, and a computer controlled
rotation mechanism, allows imaging at multiple angular positions, as required for three dimensional
rcconstructions. The support electronics allow simultaneous control of the cameras for light
exposure, image readout and preprocessing, and temperature and vacuum control. A horizontal bed,
made of sparse mesh material to reduce interference with light, is used to support and immobilize
the animal during imaging. A gas anesthesia unit is connected to the bed and to the animal. To
exclude ambient light, the system is encapsulated in a light-tight enclosure. Light images at each
position of the gantry are acquired for co-registration with the bioluminescence image using a sct of
6 diffuse light sources.

Figure 2. The design of the imaging system includes 5 high sensitivity cameras mounted on a
rotating gantry, and a transparent animal positioning system.

Validation studies using phantoms verified the utility of the approach and accuracy of the 3D
reconstruction algorithms. Here we describe only two phantoms of increasing complexity, a
homogeneous diffusing cylinder and a homogeneous mouse-shaped phantom.

Homogeneous cylindrical phantom (h)

Figure 3a shows the experimental setup with a 30 mm diameter cylindrical phantom filled with 1 %
Intralipid / 1% Agarose gel (Intralipid gel for brevity), which approximates light scattering in
tissues. An optical fiber (1 mm diameter) was placed in the phantom before congealing the filling
mixture and was optically coupled to a 560nm LED. A set of 20 images was obtained for each
experiment by rotating the phantom 18° at a time.

The total amount of light captured at each imaging angle both in air and Intralipid phantom is
presented in Figure 3b, obtained while keeping the light source intensity constant. The fiber optic
source in air shows a small variation due to changes in distance from the lens. When the source was
immersed in Intralipid it was noted that for angles between 0 and 180°, when the light source is



closest to the camera, up to 4 times more light was captured than for the source in air, as the
scattering of light in the phantom caused a significant increase in the photon flux toward the
objective. When the source was in the position furthest from the camera (270°) only half as much
light was captured because the light source was shadowed by the body of the phantom. Overall, a
variability of almost an order of magnitude was observed when imaging this phantom at different
angles, reducing the precision and reliability of a quantitative assessment from single planar images.
This effect would be expected to affect animal studies, when light is emitted at depth within the
body from multiple sources, such as small metastatic tumors in the lungs or other internal organs.

Figures 3¢ and 3d show images obtained first in air and then in gel, with the fiber displaced
10 mm from the center at a viewing angle of 180°. A cross-section through the reconstructed 3D
image is also shown for each case. The position of the source was correctly identified by the
reconstruction algorithm. The total light signal in air and Intralipid differed by only 3% (1,435 x
10" photons/sec for air vs. 1,390 x 10’ photons/sec for Intralipid), further showing the quantitative
nature of the 3D reconstruction algorithm in the presence of diffusion. Confirmatory results were
also obtained for multiple light sources, both in air and Intralipid, e.g., for two sources separated in
depth by 10 mm (Fig. 3e).
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Figure 3. Validation of LET in phantoms.
a. Experimental setup: 30 mm cylindrical phantom filled with 1% Intralipid gel.
b. Total amount of light captured from a fiber optic source in air and in the phantom
at various angles. The light source is displaced 10 mm from the axis of rotation.



¢, d. Image of light emitting fiber in air (¢) and in intralipid-filled medium (d) displaced 10 mm from the
center. The intensity profiles through the reconstructed 3D image are also shown.

e. 3D intensity profiles for 1% Intralipid phantom with two sources separated by 10 mm.

Homogeneous mouse shaped phantom

In order to investigate the LET reconstruction in the context of a complex body surface, a mouse
shaped 1% Intralipid gel phantom with a 9.5 mm diffuse spherical light source embedded in the
thoracic region was completed and imaged on the LET system. Figure 4 shows a longitudinal
section of the phantom with the 3D reconstructed source overlay. The reconstructed source is 10
mim in size, in agreement with its physical dimensions, and at the correct location (within 1mm).

Figure 4. Longitudinal section of the mouse shaped phantom with the 3D reconstructed source
overlay.

Optical MLLEM Software (f)

Three-Dimensional Bioluminescent Imaging (3D-BLI) of luciferase-expressing cells in live
small animals would greatly enhance applications in biomedicine since light emitting cell
populations could be unambiguously associated with specific organs or tissues. We consider this
pivotal for investigating tumor growth, metastasis, and specific biological molecular events. The
imaging approach must account for the main optical properties of biological tissue because light
emission from a distribution of sources at depth is strongly attenuated due to optical absorption and
scattering in tissue. Our image reconstruction method is based on the deblurring Expectation
Maximization (EM) method and takes into account both of these effects. To determinate the
boundary of the object (skin surface), we use the standard iterative algorithm - Maximum
Likelihood (ML) reconstruction method. Depth-dependent corrections for quantitative light
intensity were included in the reconstruction procedure by using the diffusion equation for light
transport in semi-infinite turbid media with extrapolated boundary conditions.

For detection of bioluminescence emitting probes in living animals, it is necessary to use
high sensitivity low-noise detectors, such as cooled Charged-Coupled Devices (CCDs), and
advanced software codes for image reconstruction. Reconstruction algorithms must take into



account the main optical properties of biological tissue: light absorption, scattering, and possibly
reflection at major interfaces. In this case, a model describing light transport in turbid media is
critical for any reconstruction technique * . Widely used methods include the Monte Carlo
approach'®"? and the Radiative Transfer Equation (RTE) **** .

The Monte Carlo method is a discrete model of individual photon interactions that can be
described by computer simulation of appropriately weighted random absorption and scattering
events. This method is an accurate and powerful way to study photon transport in tissue requiring
no simplifications, but expensive computational resources are often needed due to the slow
statistical nature of the method.

The RTE method is a continuous model based on an integro-differential equation,
specifically a Boltzman-like transport equation for the photon wave intensity, which includes
emission, absorption, and scattering in the media. This equation most often can not be solved
analytically, and is often simplified by a diffusion approximation® for numerical solution. The
diffusion equation gives us not only a great simplification of the problem but a practical tool to
describe the diffuse part of the radiative intensity. A disadvantage of this method is the inaccuracy
in predicting the light distribution near light sources and boundaries. The diffusion approximation is
only valid for materials where scattering dominates over absorption.

FORWARD MODEL: LIGHT DIFFUSION IN TURBID MEDIA

To determine the position of bioluminescence sources we must describe photon propagation
through tissue (light can be considered as a stream of photons) and simplify the RTE to the
diffusion approximation. The RTE is an integro-differential equation derived by considering energy
conservation in a small volume dV. The photon distribution function N(r, 5, t) depends on time ¢
and can be spatially-varying with any position r (x, y, z) in direction § (6,9 ). L(r,5,t) =c
hv N(r, §, t) is the radiance - power per unit area per unit solid angle Q, h is the Planck constant, v
is photon frequency, and c is photon speed in vacuum. Photons can only be added or subtracted
from the photon distribution function if they interact in this volume dV through the following
processes * : i) photons are lost through the boundary of media with different refraction index # ; ii)
photons incoming in direction § can be absorbed with absorption coefficient x, (r) or scattered to

any another direction §’ with scattering coefficient x4 (r) and a probability (phase function)
p(8,38") ; iii) photons can be gained through scattering from any direction §' into the direction $;

iv) photons are also gained through an internal light source S(r, §, t).
If we neglect interference effects of photons and drop the integrals over volume, we can write
the time-dependent RTE for the radiance:

-1—%3 = —§VL(r,5,0) = s, L(r,5,0) — 11, L(r, 3,1)

Cn y

+ 1, [[p(G3,8)Lr,3,0dQ + 5(r,8,1) (1)
4z

where ¢, = c¢/n 1s the speed of light in the tissue.

By applying the P1 expansion approximation and assuming that the scattering coefficient
dominates the absorption coefficient, the RTE can be further simplified to a
time-dependent diffusion equation:
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The analytic solution for an isotropic point-like source S(r,#) = &(r,¢) is the time-domain

~DV2g(r,t) — w,0(r,t) + S(r,1) 4)

Green's function:

G(r,t) = ¢, (4nDc, ) g Heir g™ 47 (5)
and the solution to the diffusion equation (4) for radiance is given by the convolution:
p(r,t)=G(r,0)®5(r,1) (6)

For steady-state diffusion, as is the case with BLI, we can neglect the time-dependence in
equation (4) and obtain:

g (Al

Hepy ( : (7)

where the source power S, is constant in amplitude, and the radiance decreases exponentially

p(r)=Sye

with distance r, according to an effective attenuation coefficient s, = (4, / D)"* .

The next problem is the refraction of photons at the tissue-air interface that will reduce the
fluence rate out of the animal. We have adopted the solution for semi-infinite medium with
extrapolated boundary and photon dipole source model **'™** and used it to quantify the light
intensity from experimental data for phantom filled with Intralipid** . This diffusion solution has
been shown to be in good agreement with Monte Carlo simulations and experiments **'** |

The diffusion approximation is very useful for estimating the surface photon intensity and
spot size depth-dependence for BLI experiments, especially for in vivo small animal studies. Figure
5 shows surface radiance and its spot size as a function of depth for different tissue optical
parameters. The distributions for the absorption surface intensity for several sets of absorption
coefficients are plotted in Fig.1a, while the surface intensity for variable scattering coefficients is
plotted in Fig.1b. Figurelc shows the parameter Full Width Half Maximum (spot size) for different
concentration of Intralipid: higher concentrations of Intralipid give lower photon intensity level, but
spatial resolution is better for depths ~1-1.5 cm. This depth is consistent for good results for small
animal BLI reconstruction.
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Fig.5 Surface Intensity Peak (a)-(b) and FWHM (c) as a function of source depth
calculated for different concentration of Intralipid by diffusion approximation with
extrapolated boundary condition.
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Now we can calculate distributions of surface intensity for two sources with some separation
as a function of source depth. As shown in Fig.6 intensity decreases with depth, and at more than 12
mm depth the two peaks are practically inseparable. In this case, reconstruction of two sources
becomes problematic.
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Fig.6 Surface Intensity for two sources with separation 10 mm as a function of depth: a) 4 mm,
b) 8 mm and c) 12 mm for 1% Intralipid concentration.

IMAGE RECONSTRUCTION METHODS

We have developed a 3-D reconstruction algorithm for small animal imaging, and this paper
presents the results for reconstruction in the multi-scattering, continuous wave regime. By using
detectors with constant response over the entire range of wavelengths expected for the light-
emission problem at hand, our images are proportional to the number of quanta captured in each
pixel. Our reconstruction approach consists of two steps: light surface reconstruction to determine
the geometry of turbid media boundary followed by source reconstruction inside the tissue.

The surface reconstruction is based on the ML method **~*' . Using the ML algorithm, a

sequence of image estimates is generated for the kthiteration:

k
n.

! m o
i ) G
L_>—  where ¢ —Zla,.jnf (12)
J=

7
i=1 q;
Z @y
i=1

k+1 koo : : . : .
where " and " are image intensity values in the new and current estimate for the voxel ;.

k+l

I’ZJ =

The measured data m, collected along lines i which connect a voxel on the object’s surface to the
k
CCD camera, gave values proportional to the light intensity detected by the pixel; q; is the expected

count in line i for the current estimate nk, and a is the probability that a light quantum emitted at

/
voxel j will be detected in the line i. The normalization factor Z a, includes all possible measured
i=]
lines. Figure 7 shows examples of ML surface reconstruction for the phantom with two interior
sources and for an externally illuminated living mouse.
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Fig.7 Surface reconstruction by ML method for phantom with two interior sources (a), 3D-
reconstruction for sources in air with separation 2.52 mm (b) and 3D surface (skin) reconstruction
of nude mouse from reflected light (c).

The volumetric reconstruction of the source is a very important part of LET, and this problem
is formulated as an inverse source problem based on diffusion approximation**™ . The solution
uniqueness for BLI reconstruction can be assured by incorporation of a priori information on the
animal anatomy and optical properties *****" . Good results for 3D- optical reconstruction have also
been obtained by using the Finite Element Method ****. Tn*® two sources with ~10 mm separation
were reconstructed using an FEM algorithm. We will show below our reconstruction results for the
same separation.

We present another technique — the iterative deblurring EM method > based on diffusion
approximation. In our approach good reconstruction can be obtained if the sources intensitics on the
surface permit some separation (see Fig.6). Our experimental data in this case for backprojection
onto x —axis follows this (see Fig. 8), and we expect a good reconstruction.
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Fig.8 Backprojection histograms for 1% Intralipid phantom with two sources located in 0 mm
and 10.16 mm (a) and for phantoms with different source positions on x-axis in inches (b). On y-
and z-axis sources located in 0 mm position for each phantom. Voxel size = 0.5 mm.
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We can take into account reflection on boundary® ™" estimate values for each voxel, and

subtract this reflection contribution. Next for each voxel we can determine a “zero-th” order

approximation (i.e. initial guess as a input image) using the solution for point source photon flux:
=g

x 1 :
(0? =(p®p+ n)‘,‘ = l—_le,p,oz exp(_ﬂqﬁ'rﬁ)/r,: (13)
Z xi/‘pj’ 1=1 s=1
i=l
where p is a point-spread function, ¢ is a real value of photon flux, # is a noise term, and
x; is the path length of line i through voxel j, p/ and p. are intensities in CCDs from source

in media and in air, and S is number of sources. After correcting all voxels for boundary conditions
we apply the deblurring EM algorithm for 3D-1mage reconstruction:

¢0
n+l n| ~ J
@) =@ p —=— (14)
. 3 [p@qu]

where ® denotes convolution procedure based on the discrete Fast Fourier Transform *¢ .
Parameters p and p are the deblurring kernels (for example Gaussian functions) and can be
changed with number of iterations ».
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Key Research Accomplishments

e Gantry and camera housings have been designed, built and tested .

e Camera and support motion assemblies were built.

e The CCDs and associated first generation optical/scintillator components were built and
tested.

¢ The data acquisition system has been completed and assembled with the above components.
These have been used with a test optical imaging system based on SITe CCD chips, now
completed and in use.

e The 5-head system was constructed, but we experienced CCD chip failure. As explained
below, this caused us to move to a new CCD assembly, with the same price but diffcrent
characteristics. This required a redesign of the electronics, still in progress.

e Single camera tests were successful, showing high sensitivity.

e Development of optical MLEM reconstruction software has progressed, and we have
reported our first results in tomographic imaging of light emission. Our images show that it
is possible to detect small lesions not only subcutaneously but also at depth in vivo, and we
characterizef the advantages of this method for quantitative imaging. 3D images were
obtained and reported at the ERA of HOPE symposium.

e Phantom testing has been completed including both homogeneous, cylindrical, and
heterogeneous, mouse-shaped phantoms. We have also demonstrated micro-SPECT (Single
Photon Emission Computed Tomography) imaging at high resolution.

Reportable Outcomes

1) ERA of HOPE abstract P64-3

INVESTIGATION OF METASTATIC BREAST TUMOR HETEROGENEITY AND PROGRESSION
USING DUAL OPTICAL/SPECT IMAGING

Peter P. Antich, Matthew A. Lewis, Edmond Richer, Nikolai Slavine, Todd Soesbe, Xiufeng Li,
Anca Constantinescu, Allen Harper, Ralph P. Mason

The immediate goal of our project is to image tumor growth, metastatic development
and vascular changes, both to characterize tumor dynamics during growth for application
in diagnostic and prognostic imaging, and to aid in the development of new therapies by
dissecting the effects of treatment. More specifically, our technical goal for the first year is
to develop he device necessary to image by nuclear medicine and optical techniques. We
have begun assembling the physical and biological components of our research.

Optical imaging techniques have been developed to characterize cells and molecules
in the laboratory. They are currently used with microscope techniques in excised tissues or
living cells. They are now being extended to the analysis of biologic phenomena in living
mammalian organisms and have found a strong application in drug screening. Their first
applications to noninvasive human studies are envisaged in the detection of oxygen
saturation. We are interested in advancing this technology to obtain, e.g., oxygen-
dependent 3D images. The successful translation to the clinic depends upon a crucial
question — can small lesions be detected at depth or is this method limited to contact or
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